Emergency trench shoring design for rescue operations has no reliable standard to determine lateral earth pressures. As a result, the first responder community is forced either to rely predominantly on either "rule-of-thumb" methods or similarly to assume the OSHA 29 CFR for Type C soil to determine a "worst-case scenario." However, the use of generalized methods, i.e., the C-80, is not officially supported by OSHA standards, which are overly conservative and do not reflect the observations of actual trench surface failures. Additionally, the shoring system requirements can be unnecessarily prohibitive in short-term emergency operations. e current "rule-of-thumb" method used by first responders underestimates braced earth pressures for weak sandy soils and is not recommended for continued use. erefore, a simplified soil mechanics-based lateral earth pressure framework, the "T-L method," that accurately represents actual earth pressures based on the in situ soil failure conditions, is presented. e T-L method is validated against Coulomb earth pressure theories and braced excavation thrust pressures for Type C soils. e results indicate a significant reduction in estimated lateral earth pressures which are typically required for a standard construction shoring system design, while providing an adequate and safe emergency rescue shoring standard for first responders.
Introduction
First, responders accept the US Occupational Safety and Health Administration (OSHA) Type C soil as the "worstcase" material and is defined as follows [1, 2] : (i) Cohesive soil with an unconfined strength of less than 0.5 tsf (47.9 kPa) (ii) Weak granular soil, including gravel, sand, and loamy sand (iii) Submerged soil or soil from which water is actively weeping.
OSHA provides labour practice standards relating to permanent trench shoring and defines the minimum lateral earth pressure shoring requirements, P C-χ , for Type C soil, in units of pounds per square foot (psf ), as follows [2] :
where H is the depth of the trench (ft) and the constant 72 is the representative of a light 2 ft (0.6 m) surcharge load. e χ multiplier relates H to the lateral earth-pressure at the base of the excavation. Table C-1.3 in OSHA [2] uses χ of 80 but does not give the derivation or the limitations of use; instead, it requires a uniform earth pressure distribution based on the base trench pressure. Equation (1) is typically referred to by the soil type and the χ variable, e.g., C-80 method, and is used herein. OSHA [3] cautioned against using Equation (1), despite Equation (1) being the standard, stating that shoring should be designed by a "competent person." is left first responders without a simple, rapid, and accurate standard from which earth pressures could be calculated for rapid rescue shoring operations where time is critical and "competent persons" may not be readily available. Consequently, "rule-of-thumb" methods, including Equation (1), have formed an ad hoc "local standard" emergency shoring design guidance. e common "rule-of-thumb," P rt , calculation, currently used is [1] P rt � 0.33(100 pcf)(H) � 33.33(H).
(2)
e unit weight of 100 pounds per cubic foot (pcf ) (15.7 kN/m 3 ) is unrealistic for a natural soil, e.g., typical quartz-silica sand has an unsaturated unit weight of approximately 120 pcf (18.9 kN/m3) [4, 5] . Moreover, the functional form is incorrect for Coulomb theory and braced excavation design [5] [6] [7] [8] [9] .
Coulomb theory describes the total horizontal pressure, P h , on a unit width of a vertical plane extending from the surface to a depth, H, as
where c is the bulk unit weight and S u is the undrained shear strength. For Type C soils, the undrained shear strength is assumed negligible and can be conservatively approximated in Equation (3) . e earth pressure coefficient, k i , can be expressed as at-rest, k 0 ; active, k a ; or passive, k p .
Over the width of a standard emergency trench rescue shoring panel, 4 ft (1.2 m), the resultant active force, Q h , is
A retaining structure is required to resist k a conditions where k a is
where β is the inclination of the shoring panel, ϕ is the soil friction angle, ϕ w is the soil-panel friction, and i is the ground inclination. For emergency shoring, it can be assumed that ϕ w is negligible and shoring panel installation is near vertical, β �90°.
e quantifications of ϕ, c, i, and pressure distributions are not practical, beyond the training of most first responders, and are grossly assumed, e.g., Equations (1) and (2) . Actual excavation failures can vary significantly in both size and shape depending on the heterogeneity of the soil, presence of weak soil lenses, and degree of saturation.
erefore, a simplified approach to trench failure earth pressures is derived from the actual failure surface at the operation site, i.e., the T-L method. By using the actual failure surface, the in situ effects can be implicitly accounted for.
Derivation of Simplified Earth Pressures (T-L Method)
Rescue shoring consists of panel sections with a minimum of two shores per panel. e T-L method quantifies a required shoring strut resistance, R T-L , to a lateral earth pressure resultant, Equation (3), that acts on the centre of a section of the shoring panel, typically one-half of the panel area, and is developed specifically for emergency rescue operations. e T-L method bulk density for a saturated Type C soil, c T-L , is derived conservatively from the following:
where c d is the dry unit weight of the soil, c w is the unit weight of water, e is the void ratio, ω is the gravimetric water content, S is the degree of saturation, and G s is the specific gravity. Taylor et al. [10, 11] determined that unconfined sand, e.g., soil at or near the excavation face, fails at a degree of saturation of approximately 73% irrespective of the soil's density. erefore, it is assumed that the maximum degree of saturation in the T-L method derivation is also 73%. G s is typically between 2.62 and 2.76, depending on the soil mineralogy [5] . A typical specific gravity of quartz-feldspar sand, 2.67, is used herein. Conservatively, the void ratio, e, is assumed as the median minimum void ratio for granular soils, 0.375 [12] . Solving Equations (6)- (8), c T-L , is 133.3 pcf (20.9 kN/m 3 ). e soil's ϕ ranges significantly depending on grain size and shape, mineralogy, confinement, saturation, etc. [5, 10, 11, [13] [14] [15] [16] . It is not practical to estimate a potential in situ ϕ in a rescue operation as the actual failure surface is rarely equivalent to the theoretical failure surface suggested in design earth pressure calculations, e.g., Coulomb [17] ; OSHA [2] ; Lancellotta [18] ; and Paik and Salgado [19] ; therefore, the maximum lateral extent of the actual failure, L (Figure 1) , is used to determine the earth pressure geometry. In emergency operations, specific sections of the trench face have failed with most of the trench face still intact, i.e., quasistable and "at-rest. " While an open excavation that is "at rest" does not exhibit a net horizontal stress without movement, the T-L method considers an "at rest" or k 0 condition of k 0 � 0.50 as a conservative measure for cohesionless soil at or near the failed trench section. Cohesive soils can have k a values exceeding the assumed k 0 values; however, as shown in Equation (3), the undrained shear strength reduces the net pressure compared to a weak sandy material even for Type C clays.
e assumption of k 0 � 0.50 is equivalent to sandy material with a friction angle of 30°translating to a lateral pressure 1.5 times greater than the active case for a level ground.
us, the required lateral resistance is
where R s T-L is the resistance of a single strut acting at the centre of one-half of the area of the shoring panel; n s is the standard number struts per standard rescue panel, and in the United States, there are typically two struts per shoring panel; w and d are the standard dimensions, width, and depth, respectively, of the rescue shoring panels; and L i is the For standard nominal rescue shoring dimension with two struts per panel, Equation (9) 
In rare cases in which L i is indeterminate or the trench rescue operation is not the result of a collapsed excavation face, the maximum calculated resistance for a given trench depth in Table 1 (L max � 0.7H corresponding to an effective friction angle of 20°material) should be used. e total shoring system resistance is
where n is the number of struts for a given trench depth. It must be noted that n is not equivalent to n s in Equation (9). Table 1 tabulates the T-L resistance, Equations (10) and (11), for a range of L and trench depths. e results of Equation (11) were compared to those of Equations (4) and (5) and are shown in Table 2 . e "worstcase" soils range from a weak saturated clayey sand or sandy loam (ϕ � 20°and c � 120 pcf or 18.9 kN/m 3 ) to a heavy dense sand (ϕ � 40°with c � 130 pcf or 20.4 kN/m 3 ) [5] . e ground behind the trench face cannot always be the assumed level; therefore, i is included in Equation (5) and Table 2 . Table 2 illustrates that the maximum Q h correlates to the weak soil despite the lower bulk density; therefore, the maximum L i in the T-L method (Table 1) corresponds to this condition and is used in Table 2 for an equivalent comparison. e largest Q h occurs when i is 30°; however, in no case was a failure condition, R T-L < Q h , observed suggesting that Equation (11) adequately resists the "worst-case" Coulomb earth pressures.
Emergency shoring systems more closely resemble braced excavations, thereby requiring shoring design to use a "reasonable" earth thrust pressure distribution [5] [6] [7] [8] [9] [20] [21] [22] [23] [24] .
e actual stress distribution for braced excavations varies significantly compared to that of Coulomb theory and between shallow (less than 6.1 m) and deep (greater than 6.1 m) excavations [24, 25] . e majority of the research into braced excavation, i.e., Terzaghi and Peck [8] , Peck [6] , Tschebotarioff [9] , Wang [22] , Karlsrud and Andresen [21] , Blackburn and Finno [20] , is limited to deep excavation sites and are not necessarily applicable in emergency trench rescue operations [24, 25] . Yokel [23] , LaBaw [25] , and LaBaw and Aggour [24] are the only research efforts, known to the authors, on shallow braced excavations. Yokel [23] uses a theoretical rectangular earth pressure envelope for shallow excavations that is equivalent to Equation (3) wherein the resulting total thrust is in excess of Peck [6] . However, recent research has shown that the actual earth pressures acting on shallow braced excavations are significantly reduced when the structural elements of the shoring system, e.g., strongbacks and panels, are considered [24, 25] . Applying a minimum reduction of 53% [24] to account for the thinnest possible panel, the thrust pressures calculated by Yokel [23] are reduced to those of Peck [6] . Furthermore, LaBaw and Aggour [24] illustrate that the actual earth pressure distribution is nonuniform behind the panel face. us, the total thrust pressure can be conservatively approximated using the theoretical rectangular distribution of Yokel [23] at a maximum thrust pressure calculated by Peck [6] .
However, the total thrust against the excavation bracing does not necessarily differ from Equation (3) and should be stable from a global design scale if the active Coulomb pressures can be resisted [5] . Each structural member cannot be designed solely based on the earth pressure distribution as the central shores must be able to withstand thrust pressures [5] [6] [7] [8] [9] . Peck [6] suggests that a maximum thrust pressure for a sand,
Tschebotarioff [9] differentiates between permanent and temporary braced excavations where the maximum temporary excavation thrust pressure, P T t , for sand, is P T t � 0.25cH.
It is not practical in rescue operations to calculate different strut pressures with depth; therefore, the T-L method conservatively requires that all struts must resist the maximum thrust pressure.
is assumption is similar to the thrust pressure distribution of Peck [6] and slightly more conservative than that of Tschebotarioff [9] .
T-L Method Validation
e T-L method was compared to Coulomb theory, C-80, C-60, and "rule-of-thumb" methods using the same "worstcase" soil range in Table 2 . In the resistance calculations for the T-L, C-80, and C-60 methods, a failure condition (R < Q h ) was not observed irrespective of ground slope. e "ruleof-thumb" method did result in a failure condition for the weakest sandy soil at each i. Table 2 illustrates that the C-80 and C-60 total shoring resistances are approximately double the Coulomb theory resultant and at least 1.75 and 1.33 times greater than the T-L method, respectively. Moreover, the C-80 and C-60 methods require resistances that can exceed the shoring capacity of specialized emergency rescue equipment, e.g., Paratech Rescue Shoring is rated up to 80.0 kips (355.9 kN) and are well in excess of typical timber rescue shoring material. Table 3 investigates Equations (12) and (13), in terms of a maximum force per strut, compared to the calculated resistance of Equation (10) . e calculated maximum thrust force, acting on a 4 ft (1.25 m) × 4 ft (1.25 m) section of panelling, does not exceed the per strut resistance of the T-L, C-80 and C-60 methods. However, both the C-60 and C-80 methods require resistances of at least 2.1 times greater than the maximum thrust force per strut from either Peck [6] or Tschebotarioff [9] .
e "rule-of-thumb" method underestimates the maximum thrust force by as much as 1.5 kips (6.7 kN) and could result in shoring failure [5, 6, 8, 9] . e number of struts per shoring panel is limited by the maximum thrust per strut in Table 3 . If n s , in Equation (9), is increased to three struts per shoring panel, the resulting R s T-L would be approximately 2.1 kips for a 4 ft trench depth.
is is below the maximum strut force for Peck [6] and Tschebotarioff [9] , and localized strut failure could reasonably be expected. is undersizing of the strut would continue for all trench depths presented in Table 3 .
erefore, the authors suggest the use of only two struts per shoring panel (n s � 2 in Equation (9)).
Application of Surcharge Loads
When trench spoil material is located within L i , an additional surcharge load should be added to Equation (10) . e angle of repose of dumped material creates trench spoil piles uniform in neither shape nor weight distribution (Figure 2 ) and limits the maximum potential height.
erefore, a geometrically 
Dumped sandy material will stabilize about the angle of repose at a unit weight of between 80 pcf (12.6 kN/m 3 ) and 100 pcf (15.7 kN/m 3 ) and increase in volume by approximately a third [4] . erefore, the "worst-case" spoil material unit weight, c s , is assumed 100 pcf (15.7 kN/m 3 ) based on c T-L . e surcharge force per strut, S s , is calculated as e C-80 method requires that the top of the shoring support the same pressure as the bottom of the shoring, i.e., a uniform pressure distribution based on the maximum lateral earth pressure, thereby multiplying the earth-pressure by a minimum factor of approximately 2.0.
4 C-60 material is explained in Martinette [1] and in OSHA [3] where the c � 60 in Equation (2) . OSHA [3] explicitly states that this material should not be used as the "worst case" soil. Table  3 : Maximum total thrust earth-pressure distribution for braced excavation per strut. Bold values denote a failure condition where the expected resistance is less than the calculated earth-pressure force. Bold values denote a failure condition based on either Peck [6] or Tschebotarioff [9] thrust forces.
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Use of the T-L Method in Trench Rescue Scenarios
To illustrate the use of the T-L method, two actual failure scenarios are given in conjunction with three possible soil properties for the observed failure geometry, Table 4 , to illustrate the T-L method's applicability to rescue shoring operations where soil properties are unknown. It is noted that other combinations of mechanical properties are possible in theory only as such combinations are not plausible for the observed failures or trench excavation, e.g., a very soft cohesive material (c � 100 pcf and S u � 100 psf ) would not be plausible for a wedge failure at 12 ft as the trench would undergo a heave failure ((cH)/c > 8.0) as per Peck [6] at a depth of 8 ft even if braced during excavation. To back-calculate the actual failure pressures, H in Equations (3), (12) , and (13) are taken as the depth of the failed section. is is necessary to account for the site Advances in Civil Engineering 7 heterogeneity and variability not considered within Equations (3), (12) , and (13) . Figure 3 shows the plan, elevation, and cross-sectional views of the failure within a 10 ft trench with no surcharge loads within 3 ft of the trench face. Unlike the predicted Coulomb and Peck failure wedge pressure diagrams, used for derivations of Equations (3) and (12), respectively, the actual failure is a reduced size due to in situ soil heterogeneity.
e lateral earth pressure calculations for this scenario are tabulated in Table 4 for the T-L method and the actual soil material (a moist, loose to medium dense, silty sand: column 1 in Table 4 ). In all scenarios, the calculated resistance for a single rescue shoring panel (where n � 4, Figure 3 ), Equations (10) and (11) , were greater than the Coulomb earth pressures and the maximum excavation thrust pressures [6] . e second scenario, Figure 4 , depicts a trench corner failure. e actual soil condition in this case is a dense dry to moist sand (column 5 in Table 4 ).
e maximum lateral extent of the failure, L ft , is 9 ft, and the number of struts, n, is taken as the number of struts on the shortest braced section, i.e., n � 6 as the shortest braced section in Figure 4 is two panel widths at three struts per panel width. Similar to the previous scenario, no surcharge loads are located within L ft of the trench. It should be noted that the undrained shear strength used in scenario 2 is greater that in scenario 1. is is due to a S u of 200 psf being the minimum S u that will exhibit a wedge failure as shown in Figure 4 versus a heave failure of the trench bottom. As with the previous scenario, the resistance calculated via the T-L method was greater than the Coulomb earth pressures and the maximum excavation thrust pressures of the failed section. Table 4 illustrates that the Peck [6] thrust pressures govern the overall stability of the rescue shoring design. In neither scenario was the resistance calculated by the T-L method exceeded; however, for the worst possible cohesive case, i.e., soft saturated clay in scenario 1, the factor of safety is 1.03. For permanent braced excavation, this value would be problematic; however. rescue shoring is a temporary and continually monitored braced system. erefore, temporary braced excavation calculations (e.g., [9] ) are more appropriate but are lower in magnitude than permanent braced excavation pressures [6] . Tschebotarioff's [9] temporary excavation thrust pressures for soft cohesive soil, scenario 1, would result in an acceptable factor of safety of 1.63. us, if the calculated R s T-L value, Equation (10) , is greater than the permanent braced excavation pressures [6] , the system will have an adequate factor of safety for emergency operations. Advances in Civil Engineering
Conclusions
Emergency trench shoring design for rescue operations has no reliable standard for determining lateral earth pressures.
A new simplified method, the T-L method, has been derived to calculate the realistic "worst-case" earth pressures for emergency rescue operations and especially for use by first responders who may not be qualified to assess soil types and mechanical properties. e T-L method was validated against the holistic Coulomb theory and for strut thrust resistance for permanent and temporary braced excavations.
e T-L method accounts for the destabilizing effects through the use of an actual maximum lateral failure extent.
is reduces the required force per strut, thus decreasing the material and time requirements for installing emergency trench rescue shoring operations. Moreover, first responders only need to measure only one on-site property, the furthest lateral extent of the observed failure, to quantify the resistances needed for a rescue operation.
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